Abstract By analyzing observations and model simulations, here we show that there exists a significant anticorrelation on interannual to multidecadal time scales between the Sahel and southeast Amazon rainfall during July-August-September. This rainfall seesaw, which is strongest on decadal to multidecadal scales, is due to an anomalous meridional gradient of sea surface temperatures across the tropical Atlantic that pushes the Intertropical Convergence Zone and its associated rain belt toward the anomalously warm hemisphere. Large ensemble model simulations suggest that the seesaw pattern is likely caused by decadal changes in anthropogenic and volcanic aerosols, rather than internal climate variability. Our results suggest that the recent decadal to multidecadal climate variations in and around the North Atlantic basin are largely externally forced and that projected large North Atlantic warming could lead to a wetter Sahel but drier Amazon in the future.
Introduction
The semiarid Sahel region of West Africa suffered from a severe drought during the 1970s and 1980s and has exhibited an upswing of rainfall since the 1990s (Dai et al., 2004; Folland et al., 1986; Giannini et al., 2003) . The unprecedented Sahelian drought has been attributed to the larger warming in the southern than in the northern tropical Atlantic (Hoerling et al., 2006; Lamb & Peppler, 1992) , Indian Ocean warming (Hagos & Cook, 2008; Palmer, 1986) , and anthropogenic forcings (Biasutti & Giannini, 2006; Held et al., 2005) . Compared with the extensive research on the Sahelian decadal drought, relatively few studies have examined the recent rainfall recovery, with increasing greenhouse gas (GHG) forcing (Dong & Sutton, 2015) and the Mediterranean Sea warming (Park et al., 2016; Rowell, 2003) being considered as the main drivers. It remains unclear whether external factors (e.g., GHGs and aerosols) or internal sea surface temperature (SST) variability dominates the Sahelian rainfall variability (e.g., Monerie et al., 2017) .
The rainy season in the Sahel corresponds to the Amazonian dry season from July to September ( Figure S1 in the supporting information). With massive impacts on world's biodiversity and climate, the Amazon has recently experienced severe droughts in 2005, 2010, and 2016 , which have attracted worldwide attention (Cox et al., 2008; Lewis et al., 2011; Marengo et al., 2011; Zeng et al., 2008) , as changes in rainfall patterns, particularly in the dry season, will determine the future fate of the Amazon rainforest (Malhi et al., 2008) . Rainfall in the Amazon is most sensitive to the interannual to decadal SST variations in the tropical Pacific and Atlantic Oceans, but the influences of SSTs vary by season and region (Yoon & Zeng, 2010; Zeng et al., 2008) . For example, Atlantic SSTs are typically linked to the dry-season rainfall in western Amazonia (Cox et al., 2008) and the streamflow in Amazon Rivers (Marengo et al., 2011) .
Both the Sahel and Amazon Basin are known hot spot regions of climate change. Understanding their rainfall variability therefore has significant scientific, economical, and societal implications. However, previous studies have often examined these two regions separately rather than collectively. Baines and Folland (2007) showed that the changes in the tropical regions (e.g., the Sahel, the Caribbean, and the Brazil) are approximately coincident through an empirical orthogonal function analysis and may be partly linked to the climate shift of the late 1960. Furthermore, significant correlations between Atlantic SST and Sahelian or Amazonian rainfall variations have been found separately (e.g., Cox et al., 2008; Fernandes et al., 2015; Martin et al., 2014; Shanahan et al., 2009; Zhang & Delworth, 2006) . This would imply a relationship of rainfall between the two regions. However, the exact cause of this rainfall link between the Sahel and southeast Amazon (SA) is not well understood. In particular, the role of internal variability (IV) and external forcing in generating the recent rainfall variations over these regions remains unclear. Here we present evidence for a robust rainfall seesaw pattern between the Sahel (10°N to 20°N, 10°W to 30°E) and SA (18°S to 0°N, 45°W to 65°W) on interannual to multidecadal time scales during the July-August-September (JAS) season and explore its underlying mechanisms by analyzing observational data and model simulations. Our findings should help uncover the nature and cause of the JAS rainfall variability in the wet-season Sahel and the dry-season Amazon and improve predictions of future droughts over both regions. Our results also contribute to the current debate about the origin of the Atlantic Multidecadal Oscillation (AMO; Vecchi et al., 2017) and provide further evidence for a major role of external forcing in recent AMO.
Data, Model Simulations, and Methods

Observational and Reanalysis Data
The primary long-term monthly rainfall data set used in this study is the Global Precipitation Climatology Centre Full Data Product V7 on a 1°grid from 1901 to 2013 (Schneider et al., 2014) . Rainfall data from 2014 to 2017 were based on the Global Precipitation Climatology Centre 's V4 monitoring product. To ensure the robustness of our results, we also examined four other global precipitation data sets, including the Climatic Research Unit TS v4.01 (Harris et al., 2014) , the Global Historical Climatology Network (Jones & Moberg, 2003; Peterson & Vose, 1997) , the National Oceanographic and Atmospheric Administration (NOAA) PRECipitation REConstruction over Land (Chen et al., 2002) , and the precipitation product from the University of Delaware (Willmott & Matsuura, 2001 ). These five data sets differ in spatial resolution, observational data sources, data quality controls, and analysis methods (Table S1 ); however, they show similar and consistent rainfall variations over the Sahel and SA during JAS ( Figure S2 ).
We used the merged Hadley-OI SST data set created by Hurrell et al. (2008) , who merged the Hadley Centre's SST data set, which was derived by gridding bias-adjusted in situ observations, with the NOAA weekly optimal interpolation (OI) analysis. The Hadley Centre's SST data set spanned 1870 onward, whereas the OI started in November 1981. This product takes advantage of the higher-resolution SST of the NOAA OI data set. Monthly data for 850-hPa geopotential height and winds were obtained from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis (Kalnay et al., 1996) .
Climate Model Simulations
We analyzed the large ensembles of fully coupled climate model simulations using the Canadian Earth System Model version 2 (CanESM2; Kirchmeier-Young et al., 2017) . These 50-member ensemble simulations at T42 grid spacing (~2.8°) were started with slightly different initial conditions and forced by all historical forcings (ALL) from 1950 to 2005 and with Representative Concentration Pathway (RCP8.5) forcing thereafter. Besides this ALL forcing ensemble, we also used two other 50-member ensembles of CanESM2 simulations with natural forcing (NAT) only and with anthropogenic aerosols (AA) forcing only.
We also used coupled climate model simulations from the phase 5 of the Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012) . The effects of different historical external forcing agents were investigated by analyzing simulations forced by ALL, NAT, AA, and RCP4.5 forcing (Table S2) . We chose those CMIP5 models that provided more ensemble realizations or had the ALL, NAT, and AA experiments for our analysis. All the model data were regridded onto a common 2.5°× 2.5°grid using bilinear spatial interpolation.
Stratospheric aerosol optical thickness was used to quantify volcanic forcing in the CMIP5 simulations (Sato et al., 1993) . We used the estimated stratospheric aerosol optical depths at λ = 550 nm (https://data.giss.nasa. gov/modelforce/strataer/) to represent the volcanic activities. We used total solar irradiance data (http:// solarisheppa.geomar.de/cmip6) to represent the variations in solar irradiance (Lean, 2000; Wang et al., 2005) . To represent the GHG forcing, we simply used the observed atmospheric CO 2 concentration since 1958 at Mauna Loa Observatory, Hawaii (https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html).
Methods
We analyzed multiple rainfall data sets over the Sahel (10°N to 20°N, 10°W to 30°E) and SA (18°S to 0°N, 45°W to 65°W) and focused on the 3-month period of JAS. To examine the rainfall variations and the changes in atmospheric circulation, we performed regression analyses between the atmospheric circulation anomaly fields and regional rainfall time series. A linear correlation coefficient (r) and its significance level (p value) were calculated between two time series to quantify their association. To remove short-term variability, 11-year running averaging was applied to most time series before correlation and regression analyses. Statistical significance tests were based on the Student's t test with reduced degree of freedom accounting for autocorrelations (Zhao & Khalil, 1993) .
We characterized the AMO or Atlantic Multidecadal Variability via an index based on the area-averaged North Atlantic SST (0-80°W and 0-60°N) anomalies by removing the SST anomalies averaged over the global oceans (60°N to 60°S) following Trenberth and Shea (2006) . The SST anomalies were further smoothed using 11-year running means. To quantify the variations in tropical Atlantic SST meridional gradient associated with Sahel and SA rainfall variations, an Atlantic north-south SST gradient (ANSG) index was defined as the SST difference between the low-latitude North Atlantic (15-75°W and 5-30°N) and the low-latitude South Atlantic (40°W to 20°E and 5°S to 30°S).
The ensemble mean of climate simulations from a single climate model can provide a good estimate of the forced signal, as the uncorrelated internal variations among the individual simulations are greatly reduced during this averaging (Dai & Bloecker, 2018; Frankcombe et al., 2018) . The CanESM2 performs well in simulating the regional rainfall, North Atlantic SSTs, and North Atlantic subsurface ocean heat content and salinity (supporting information S1). We therefore used the arithmetic mean of the 50 members from the CanESM2 ensemble runs as the first-order estimate of the forced signal and removed it from observations or individual model runs to produce the residual fields that contain primarily IV (Dai et al., 2015; Frankcombe et al., 2015; Hua et al., 2018; Steinman et al., 2015 ; see supporting information and section 2.3 for more information). We also used CMIP5 multimodel ensemble mean as an estimate of the forced signal.
Results
Observed Rainfall Seesaw Pattern
Sahel rainfall data show drier conditions for JAS before the mid-1920s and relatively wet conditions from the mid-1920s to 1960s, whereas the SA rainfall generally experienced the opposite variations despite data paucity during the early twentieth century (not shown). Here we focus on the period from 1950 onward when rainfall data are more reliable for both regions. The JAS rainfall anomalies during 1950-2017 over the two regions are negatively correlated (r = −0.43, p < 0.01; Figure 1a ). This anticorrelation becomes stronger (r = −0.87, p < 0.01) on decadal to multidecadal scales, with negative (positive) anomalies from the late 1960s to mid-1990s and positive (negative) anomalies in the 1950s and early 1960s and after the late 1990s in the Sahel (SA; Figure 1a ). Such covariability is robust across the five widely used precipitation data sets, which all show strong and similar decadal to multidecadal variations ( Figure S2 ), with the decadal anticorrelation ranging from −0.79 to −0.89 (p < 0.01). Thus, there exists a robust JAS rainfall seesaw pattern linking the Sahel and the SA, especially on decadal to multidecadal time scales. We also examined other seasons and found that such an anticorrelation becomes insignificant, for example, during Amazon's wet season (January-March).
To investigate the cause of this seesaw pattern in JAS, we first examine the regression patterns of SST, 850-hPa geopotential height, and winds against the regional rainfall anomaly over both regions. A warm anomaly in the North Atlantic and a weak cold anomaly in the South Atlantic are associated with positive 10.1029/2018GL081406
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(negative) Sahel (SA) rainfall anomalies (Figures 1b and 1c) , indicating that a change in the ANSG is key for the rainfall seesaw pattern. Previous studies have shown that Sahel rainfall variations are strongly related to SST anomaly patterns in the tropical Atlantic (e.g., Baines & Folland, 2007; Folland et al., 1986; Sheen et al., 2017) . The Atlantic influence is manifested through changes in the atmospheric circulation and the movement of the intertropical convergence zone (ITCZ) that follows the warmest SST zone in the Atlantic (Figures 1b and 1c) . This meridional movement of Atlantic ITCZ is remarkable during Amazon's dry season, which corresponds to Sahel's rainy season in JAS ( Figure S1 ). The SA becomes wetter when the North Atlantic is relatively cold than the South Atlantic, which leads to northerly winds over north of the equator and a southward shift of the ITCZ. This southward shift increases (decreases) rainfall over SA (the Sahel) due to the sharp meridional rainfall gradients around the two regions ( Figure S1 ). Warm SST anomalies and anomaly cyclonic circulations are seen in the South Atlantic during SA wet periods (Figure 1b) . This enhances the southerly winds and moisture convergence into the SA and increases rainfall there. Similarly, the Sahel becomes wetter when the North Atlantic is warmer than the South Atlantic, which leads to a low-pressure anomaly over West Africa and surrounding areas (Figures 1b and 1c) . This enhances southwesterly winds into the Sahel and causes a northward shift of the ITCZ and increase rainfall in the Sahel. These changes all suggest that the rainfall seesaw pattern is Figure 1a shows that Sahel and SA decadal rainfall variations are highly correlated with the ANSG, as well as the AMO. The basin-wide SST anomalies over the North Atlantic Ocean shown in Figures 1b and 1c resemble the AMO pattern, and the decadal rainfall variations over the Sahel and SA correspond well to the AMO phase changes (Figures 1a  and S2) . Previous studies have shown significant correlations between Atlantic SST and Sahelian or Amazonian rainfall decadal variations (Fernandes et al., 2015; Knight et al., 2006; Martin et al., 2014; Zhang & Delworth, 2006) . However, what has caused this rainfall link and the recent AMO phase change is not well understood, and a debate regarding the relative role of IV versus external forcing is still ongoing (Bellucci et al., 2017; Clement et al., 2015; Delworth & Mann, 2000; Murphy et al., 2017; Ting et al., 2009; Zhang et al., 2013 Zhang et al., , 2016 ). Here we investigate this issue through attribution analyses of the decadal rainfall seesaw pattern using ensemble climate model simulations.
Rainfall Variability in Coupled Model Simulations
The CanESM2-simulated rainfall decadal variations over the Sahel (SA) from most of its all-forcing ensemble simulations are positively correlated with the observations during 1950-2017, with a mean correlation of 0.57 (0.40; Figures 2a and 2b ). This suggests that the CanESM2 model can reasonably reproduce the regional rainfall decadal variations ( Figure S3 ), although the decadal variability of rainfall in Sahel and across the globe is weak in CMIP5 models (Ault et al., 2012) . The rainfall data can be divided into two components: the forced signal as represented by the ensemble mean and IV as represented by the residual variations after removing the ensemble mean from individual simulations. The correlations between the modeled IV component from individual runs and observed regional rainfall anomalies for the Sahel (SA) have a mean around zero, with only 12% (13%) of them being statistically significant (p = 0.05), compared with 64% (32%) for the ALL simulations with the forced signal included (Figures 2a and 2b) . This suggested that a significant fraction of Sahel's and SA's rainfall variations can be explained by the external forced component, and the correlations between the modeled and observed rainfall series are mainly due to the forced component. We therefore investigate additional simulations that are forced by different combinations of external factors (blue and green lines in Figure 2a and  2b) . The results show that AA have contributed to the simulated Sahel (SA) rainfall decadal variations, with 46% (30%) of the simulations being statistically significant (p = 0.05), larger than the IV case. NAT also contributed to the Sahel (SA) rainfall variations, with 24% (30%) of the simulations being statistically significant (p = 0.05), also larger than the IV case (Figures 2a and 2b) .
The Sahel and SA rainfall anomalies are also negatively correlated for most of the ensemble members in all the CanESM2 experiments and for the IV case (Figure 2c ). However, significant anticorrelations (p = 0.05) between the Sahel and SA rainfall exist only in a smaller number (~7%, close to the 5% expected by random chances) of the simulations after removing the forced component (i.e., the IV case), compared with 26% for the ALL simulations with the forced signal included. Simulations forced by AA (NAT) forcing only show 16% (14%) of the simulations with significant anticorrelations between Sahel and SA rainfall (Figure 2c ). Thus, while there exists a small (~7%) chance that IV can lead to significant anticorrelations between Sahel and SA rainfall during JAS, recent external forcing from both AA and NAT can substantially increase that chance (up to~26%).
The physical processes underlying the rainfall seesaw pattern in the ensemble mean of CanESM2 simulations are similar to those in observations (Figures S5a and S5b) . This suggests that the observed rainfall seesaw pattern and its underlying physical processes are mainly explained by the external forcing, rather than due to IV. Furthermore, the interhemispheric variations in Atlantic SSTs and ITCZ and the related atmospheric circulation changes also occur due to IV, leading to a significant rainfall anticorrelation in about 7% of the realizations for the IV case ( Figures S5c and S5d) , but the decadal variations caused by IV are typically not in phase with the observations (otherwise, they would show significant anticorrelations between the Sahel and SA rainfalls).
Causes of the Decadal Rainfall Seesaw Pattern
The decadal rainfall evolutions in most of the CanESM2 ALL ensemble simulations compare well with the observations (Figure 3a ), but this is true only when the forced signal (i.e., the ensemble mean) is included in the simulated rainfall series. Sulfate aerosols from North America and Europe peaked in the 1970s and 1980s and covary with decadal rainfall variations since 1950, and the ensemble mean of the AA simulations captures well the rainfall seesaw pattern (Figure 3b ). This suggests a major role of the AA in generating this pattern. The NAT simulations also show an inverse relationship between the Sahel and SA rainfall variations. This is mainly due to the recent volcanic eruptions by Agung in 1963 and El Chinchón in 1982 that caused decadal variations in the smoothed time series of the interhemispheric gradient in stratospheric aerosols and ANSG (Haywood et al., 2013; Otterå et al., 2010) , and these decadal variations are correlated with the regional rainfall over both regions (Figure 3c ). The solar irradiance changes are small and uncorrelated with the decadal rainfall variations (Figure 3c ).
The above CanESM2 results are largely confirmed by the CMIP5 multimodel ensemble simulations ( Figure S6 ). For example, the observed Sahel and SA rainfall decadal variations are reproduced mainly by the externally forced signals (e.g., AA and NAT), rather than by IV ( Figure  S6 ). However, current climate models still have substantial biases (Wang et al., 2014) and some of the CMIP5 models performed poorly in simulating the Sahel and SA rainfall and North Atlantic SSTs ( Figure  S3 ). These models generally underestimate the magnitude of observed IV for Sahel and SA rainfall, and different realizations of internal climate variability in different models also lead to a widespread among the models (e.g., Fyfe et al., 2013) . Nevertheless, available model simulations (Figures S6 and S7) seem to suggest that the observed decadal rainfall variations in the Sahel and SA and their seesaw pattern since 1950 likely have resulted mainly from decadal changes in anthropogenic and volcanic aerosols, as the chance is small (~4% for the IV case, which is largely by random chances, compared with~11% for the ALL,~19% for the NAT, and~23% for the AA case) for them to have resulted purely from IV.
Furthermore, the observed decadal SST variations in the North Atlantic are correlated significantly with those from most (>68%, p < 0.05) of the CanESM2 and CMIP5 simulations forced with all-forcing (Figure 4 ). The number of the simulations correlated with the observations in the AA and NAT only simulations decreases to~42% and 45%, respectively, but it is still much larger than that (~16%) in the IV case. Similar results are found for ANSG (Figure 4) . These model results are consistent with many previous studies (Booth et al., 2012; Murphy et al., 2017; Otterå et al., 2010) that suggest a major role of external forcing in generating the recent North Atlantic decadal to multidecadal variations and support the notion that the observed North Atlantic SSTs since 1950 likely have resulted mainly from decadal changes in anthropogenic (mainly from North America and Europe) and volcanic aerosols, rather than IV.
Conclusions and Discussion
In this study, we have shown an anticorrelated seesaw pattern in JAS rainfall over the Sahel and SA during 1950-2017 in both observations and coupled model simulations. An anomalous meridional SST gradient across the tropical Atlantic pushes the ITCZ and its associated rain belt toward the anomalously warm hemisphere (e.g., the Southern Hemisphere during the 1970s and 1980s and the Northern Hemisphere during the 1950s and 2000s). Large ensemble simulations by the CanESM2 and other CMIP5 models suggest that these decadal variations in the tropical SST gradient, the ITCZ, and the associated rainfall seesaw pattern over the Sahel and SA likely have resulted primarily from decadal changes in anthropogenic and volcanic aerosols, rather than internal climate variability.
Our findings are consistent with previous notion that NAT has caused the tropical rain belt to shift on decadal time scales, and AA forcing may help maintain and intensify tropical rainfall variations and contribute to the most recent North Atlantic decadal to multidecadal variations (e.g., Allen et al., 2015; Hwang et al., 2013). Here we have further shown that changes in both the anthropogenic and volcanic aerosols likely have contributed to the recent AMO and to the rainfall decadal variations over the Sahel and SA and their anticorrelation since 1950, while the chance for these decadal variations to have resulted purely from IV is small (<16%, compared with 68% in the ALL case). Thus, our results support the notion of a forced North Atlantic decadal to multidecadal variability during the latter half of the twentieth century.
Our results highlight the importance of the external forcing from anthropogenic and volcanic aerosols for recent decadal climate variations in and around the North Atlantic Ocean. However, current simulations of the aerosol forcing, especially aerosols' indirect effects, still have large uncertainties (Hua et al., 2018; Sato et al., 2018; Zhang et al., 2013) . Bellucci et al. (2017) demonstrated that it is necessary to include the aerosol indirect effects in CMIP5 models in order to capture the observed Atlantic SST variations. Further efforts to reduce the model deficiencies in simulating aerosol-cloud interactions, especially aerosols' indirect effects on cloud albedo and lifetime, could help improve simulations of the externally forced climate variations and advance our understanding of decadal variability in the Atlantic (Boucher et al., 2013) .
Looking ahead into the future, GHGs will continue to increase, whereas sulfate aerosols over North America and Europe have decreased since the late 1970s and will continue to decrease in the future (Collins et al., 2013) . Model projections for the 21st century point to larger warming in the North Atlantic than in the South Atlantic (Hoerling et al., 2006) , which will likely cause a northward shift of the ITCZ and thus a wetting (drying) trend over the Sahel (SA) on top of warming-induced other changes based on our findings ( Figure S8 ). This opposite change pattern over these two hot spot regions is consistent with model projections of increased (decreased) rainfall in the Sahel (Amazon) in the 21st century (Zhao & Dai, 2017) .
